Within cooperative societies, group members share in caring for offspring. Although division of labour among group members has been relatively well studied in insects, less is known about vertebrates. Most studies of avian helping focus solely on the extent to which helpers provision the offspring, however, helpers can participate in everything from nest building to predator defence. Bad provisioners may, for example, not be as 'uncooperative' as they appear, if they are good defenders. Thus, the distribution of helping tasks between group members should have important implications for our interpretation of group dynamics. Here, we compare two distinct forms of helping behaviour in the cooperatively breeding noisy miner (Manorina melanocephala): chick provisioning and mobbing nest predators. We show that the way in which individual helpers invest in these two helping behaviours varies enormously across individuals and among social groups. Good provisioners often contributed relatively little to mobbing and vice versa. Indeed, (18%) of helpers only mobbed, 22% just provisioned, whereas 60% of helpers performed both forms of helping. Across nests, provisioning was significantly negatively correlated with mobbing effort. We suggest that small differences in the costs or benefits of different aspects of helping (due to differences in age, relatedness or social status) have a big impact on the division of labour within a group. Consequently, social groups can be made up from individuals who often specialise in one helping behaviour, and/or helpers who perform a number of behaviours to differing degrees. Division of labour within social groups will, therefore, have important consequences for the maintenance of cooperatively breeding in vertebrates.
Introduction
Cooperative breeding is typically defined as instances where more than two adults contribute to providing parental care during a single breeding attempt (e.g., Arnold & Owens, 1998) . In such cooperatively breeding species 'helpers' perform a range of alloparental behaviours, including territory maintenance, nest building, egg incubation or maintenance, offspring feeding, predator defence and nest cleaning (reviewed in Brown, 1987; Taborsky, 1994; Heinsohn & Legge, 1999; Heinsohn, 2004) . Individuals in any cooperatively breeding group share the tasks needed for reproductive success (e.g., Emlen, 1991; Bourke & Franks, 1995; Lacey & Sherman, 1997) . Exactly how the labour is divided varies enormously both within and among taxa, and depends on the degree of flexibility in individuals' abilities to execute tasks. The best studied examples come from the eusocial insects, in which some species show extreme specialization into morphological castes, with individuals only performing the task/s for which they have developed a particular physical morph (reviewed in Bourke & Franks, 1995) , while in other species the division of labour is among individuals with the same morph. For example, in many ant species individuals perform different tasks at different stages of their life (age polyethism; reviewed in Hölldobler & Wilson, 1990) . In contrast to this depth of knowledge on eusocial insects, division of labour has been largely ignored in studies of cooperatively breeding vertebrates (but see Lacey & Sherman, 1997) . This is puzzling because in such relatively long-lived animals, in which learning, for example, may play an important role, we predict that there will be a great deal of intra-and interindividual variability in the division of labour.
Studies of helping in birds in particular tend to focus on a single aspect of helping behaviour, usually nestling provisioning (but see Reyer, 1984; Austad & Rabenold, 1985; Schaub et al., 1992; Hailman et al., 1994; Heinsohn & Cockburn, 1994; Boland, 1998; Maklakov, 2002) . Chick provisioning alone may not, however, be a representative measure of an individual's overall contribution to the group's reproductive success. For example, a helper may contribute little in the form of chick feeding behaviour, but by participating in sentinel or mobbing behaviours, that helper may reduce the risk of a group losing young to predators (Austad & Rabenold, 1985; Schaub et al., 1992; Hailman et al., 1994; Maklakov, 2002) . Such a scenario could also explain why apparently non-cooperative individuals (Heinsohn & Packer, 1995; Boland et al., 1997; Pusey & Packer, 1997) are tolerated in some communally breeding species. Heinsohn & Packer (1995) , for example, found that female lions showed persistent individual differences in the degree to which they contributed to inter-group conflicts over territory. Intriguingly, other group members clearly recognised 'cowardly lions' but failed to punish them suggesting that cooperation was not maintained by simple reciprocity. Instead poor defenders might be too costly to eject from the group or they may be good at other activities. Within large complex social groups, it is possible that individuals might appear to defect only with respect to one form of helping, but contribute to other forms of communal behaviour.
Here, we address the division of labour, in a population of cooperatively breeding noisy miners (Manorina melanocephala; Meliphagidae), in which we specifically study the relative contribution of individual helpers towards nestling provisioning and predator mobbing. This is an ideal species for such a study because pairs of noisy miners never raise chicks without helpers and groups of noisy miners are notoriously enthusiastic mobbers (Dow, 1977a (Dow, , 1979a Arnold, 2000) . Genetically monogamous pairs of noisy miners are aided by other adults who differ in both their ages and degrees of relatedness to the brood they are helping to rear (Dow, 1977b; 1979b; Poldmaa et al., 1995; Poldmaa, 1996) . Up to 22 birds have been seen participating in the rearing of a single brood (Dow, 1978) and 99% of helpers are male (Arnold et al., 2001) . During the breeding season, we have seen large groups of miners mob everything from falcons to stuffed teddy bears. Hence, the presence of heterospecifics, no matter how innocuous, near the nests of noisy miners elicits a very aggressive, easily observable and repeatable group response (Dow, 1977a; Arnold, 2000) . Also, because breeding groups of noisy miners do not defend defined territories, although they may be aggressive towards any conspecifics and heterospecifics in the area, interpretations of predator mobbing behaviours are not confused by territory defence behaviours (Dow, 1977a) . The overall aim of this study was to investigate division of labour within cooperatively breeding groups by comparing individuals' contributions to provisioning behaviour with their predator mobbing behaviour in a cooperatively breeding bird species.
Materials and methods

Study population
From June to November 1997, we used a combination of observational techniques and experimental manipulation to assess the helping behaviour of noisy miners. This formed part of a three year study of a population of noisy miners at Wivenhoe Dam, SE Queensland, Australia (27
• 20 S, 152
• 33 E) lasting from June 1995 through to January 1998. Adults were captured by mist-netting and marked with a unique combination of three colour bands on one leg (see Poldmaa et al., 1995; Arnold, 1998 Arnold, , 2000 for a full description of the study site and general methods). As noisy miners are sexually monomorphic, the gender of 181 adults within the overall population was assigned using a genetic technique (see Arnold et al., 2001) . Briefly, we used P2 and P8 following the methods outlined in Griffiths et al. (1998) , and validated using samples from known sex individuals. PCR products were separated using an 8% denaturing poly-acrylamide gel and visualized by silver staining.
Chick feeding behaviour
The analyses include data from a total of 11 nests, which were the only ones in the study population that satisfied the criteria of producing chicks that survived to 10 days after hatching, and had fully banded complements of adult helpers. The modal age of fledging was 14 days after hatching, but fledging could occur as early as 11 days of age. The contents and progress of nests were checked daily at dawn. For each nest, the roles of group members in chick feeding were determined by behavioural observations. Each clutch of chicks was watched at least once a day for a period of 30 minutes from four to ten days of age. The identity and contribution of each visitor to the nest was recorded. Individuals, other than the chicks' parents, were then ranked according to the proportion of food that they supplied to nestlings (CF1 -provided the highest proportion of food, CF2 -the second highest, etc). Only the breeding female incubates eggs and develops a brood patch, so could be unambiguously identified. Parentage analyses of this species have shown that in almost all cases (>90%) paternity could be assigned to the male that provisioned at the highest rate (Poldmaa et al., 1995) . We used this criterion to identify the father of the brood. All helpers at these nests were male so we did not need to control for sex in our analyses.
Predator mobbing behaviour
The relative contributions of each individual to predator mobbing at the 11 focal nests were determined by experimental manipulation. At both 4 and 10 days after hatching, a stuffed Torresian crow (Corvus orru), a common potential predator of nestlings (Barker & Vestjens, 1990) , was presented at the nest. Torresian crows are not predators of adult noisy miners (Barker & Vestjens, 1990) . To check that the response to the model was linked with the presence of the nest, we put the model out in the study site during the nonbreeding season. In all four cases, the model was ignored by the resident noisy miners (KEA pers. obs.).
All experiments were performed between 6am and 12 noon, and between the temperatures of 15-25
• C, hence there was little risk of chicks becoming either chilled or overheated. By the age of four days, chicks were easily able to withstand short periods of time without food or brooding. We placed the model on a tree branch, approximately 2 m from the nest, and retreated to a distance of 30 m to make observations. In every case a group mobbing response was elicited almost immediately, with up to 12 birds being quickly drawn in by the alarm calls of the first group member to spot the model. Every 60 seconds for 10 minutes, we used observation of colour bands to record the identities of the three mobbers closest to the model. The closest mobber was given a score of three points, the second closest mobber two points and the third closest mobber one point. Our definition of mobbing included loud repetitive alarm calling, swooping at the model, physically attacking the model and bill clattering (Arnold, 2000) . After 10 minutes, when 30 data points (10 minutes × 3 closest mobbers per minute) had been collected, the model was removed. After the removal of the model, we observed the nest from a distance of 30 m to ensure that the brood was safe. Noisy miners are not timid birds, and all mothers returned to their respective broods within ten minutes, indeed usually within 60 seconds, of the end of the experiment. After the second exposure to the model at a nest, we then left an interval of four weeks before the next set of experiments at a nest within a 300 m radius to prevent habituation to the model. This was possible because nesting is highly asynchronous in this species with females nest building intermittently from June to December.
For every individual seen mobbing the model, including birds not seen to provision chicks, the total number of points was added up to produce a mobbing intensity score. This was converted into a percentage of the total mobbing score for that nest. We then calculated an average percentage for each individual at each nest based on the experiments on days 4 and 10. (A previous study showed that mobbing intensity did not vary consistently with brood age or chick number in this population of noisy miners -see Arnold, 2000 .) Individuals that were also observed provisioning chicks were then ranked within nests according to their contribution to predator mobbing (PM1 -the most vigorous mobber, PM2 -the second, etc). Using KruskalWallis tests, we then compared the provisioning contributions of different ranks of predator mobbers and the mobbing contributions of different ranks of provisioners.
Correlations between chick provisioning and predator mobbing
Finally, we tested for associations across all helpers between an individual's contribution to chick feeding and their contribution to predator mobbing. These tests included all group members except for the presumed parents, and therefore included individuals that only performed one form of helping behaviour. Tests were performed separately for each of the 11 nests. For each nest, we plotted the rank of each predator mobber against its rank as a feeder at that nest and used Spearman's rank correlation to test the strength of the associations. The directions of the Spearman's rank correlation coefficient values were used to compare the relationship between feeding and mobbing ranks across nests. The rho-values were found to be normally distributed so, a one sample t-test was performed to determine whether, across all nests, the Spearman's rank values tended to be either positive or negative more often than expected by chance alone. The null hypothesis would be that there was no consistent direction to the relationship between helpers' ranks as feeders versus their ranks as mobbers. Finding more positive associations than expected by chance would suggest that individuals tended to contribute to both provisioning and mobbing to similar extents, while finding more negative associations than expected would suggest that individuals tended to specialize in one or other of the helping behaviours.
Results
Noisy miner helpers were significantly more likely to both provision and mob (60% of helpers), rather than just mob (18%) or just provision (22%) (χ 2 = 13.27, df = 3, p = 0.001). Of those that performed both types of helping, there was a non-significant tendency for predator mobbers of different ranks to differ in their contributions to feeding (Figure 1a ; KruskalWallis test: H 4,37 = 8.30, p = 0.08). Provisioners of different ranks differed significantly in their relative contribution to predator mobbing (Figure 1b ; Kruskal-Wallis test: H 4,42 = 9.29, p < 0.05). These analyses only included individuals that had been observed provisioning chicks, however, some feeders did not mob and 27% of mobbing was performed by individuals that did not feed at all. We then analysed the contributions of all helpers.
Correlations between chick provisioning and predator mobbing
Across nests, there was no significant overall trend for a positive relationship between helpers' ranks as chick feeders and as predator mobbers (Table 1), i.e. good provisioners were not necessarily vigorous mobbers. Based on Spearman's rank tests, at eight nests this relationship was negative, at two it was positive and at one nest there was no direction to the relationship between individuals' mobbing and feeding ranks (Table 1) . Overall, there was a significant negative correlation between chick feeding and predator mobbing (one sample t-test, t = −2.25, df = 10, p = 0.048). As the low numbers of helpers at some nests might have affected the analyses, we repeated the one sample t-test weighting it by the number of individuals per nest with the same result (t = −7.15, df = 54, p < 0.0001). There were no significant differences in the tarsus length between helpers of different mobbing or provisioning rank, or between those individuals that performed just provisioning, just mobbing or both forms of helping (p > 0.5 in all cases). The body mass of helpers was not measured after experimental observations to minimize disturbance to nestlings.
Discussion
Division of labour was extremely variable both within and across noisy miner nests. Individual noisy miner helpers did not contribute equally to the two forms of helping behaviour that we studied. There was a tendency for the percentage contribution to provisioning to decline with predator mobbing rank, with enormous variation among lower ranking helpers, in particular, as well as between nests. However, individuals of different provisioning rank varied significantly in their contribution to predator mobbing, and provisioning rate was not a good predictor of a helper's contribution in predator mobbing. In fact, 22% of provisioners were never seen to perform high risk mobbing and 18% of mobbers were never seen feeding the chicks. Many more birds joined in mobbing (up to 16 helpers) than in provisioning (up to six helpers; Arnold, 2000) , but many of these were not identified as performing the close range mobbing recorded in the current study. Among nests, there was a significant negative correlation between individuals' ranks as feeders and mobbers. Helpers that were very active in predator mobbing often made very little contribution to feeding. Hence, there is a possibility that helpers are making investment trade-offs between feeding and defending chicks. On the other hand, predator mobbing and chick feeding may be very different forms of cooperation, with very different rules of investment (Lazarus & Inglis, 1986; Montgomerie & Weatherhead, 1988) . If this is the case, there will not necessarily be any correlation between the optimal amount that helpers should invest in different forms of helping. Individuals may decide to invest in one form of helping or all forms (Clutton-Brock et al., 2003) . If we had studied only chick feeding, then some individuals would have been defined as 'uncooperative' or 'defectors' within the social group (Heinsohn & Packer, 1995) . However, apparent defectors may actually be good at mobbing predators, thus potentially making an important contribution to the reproductive success of the group. Helpers' investment strategies cannot be ascertained by studying a single behaviour (Heinsohn & Packer, 1995; Heinsohn & Legge, 1999; Clutton-Brock et al., 2003; Heinsohn, 2004) . The results of this study of noisy miners raise at least two questions concerning the division of labour among helpers. First, why do individuals vary in their investment in different forms of helping? Second, why is there not a positive correlation between individuals' investments in different forms of helping? We suggest that the answers to these two questions lie in the fact that different forms of helping behaviour may incur different costs and benefits, and that those costs and benefits may vary across individual helpers. If the costs and benefits of feeding chicks are very different from those of mobbing predators, we should not necessarily expect concordance within both groups and individuals between varying forms of helping. For example, we could speculate that each unit of food brought to the nest has a relatively small impact on the overall survival chances of a brood. If so, helpers that provision have to invest quite a lot in order to have an impact on chick survival. On the other hand, successfully mobbing a predator over a relatively short period of time increases the survival chances of a brood from zero (certain death) to very likely (predator thwarted). In addition, helpers could benefit directly from expelling a potential predator that might attack them, although this might not be relevant in the case of a nest predator, or ousting a potential competitor from the group's foraging range.
Individuals will also vary in their investment in different forms of helping because not all helpers are equal. For example, we have some data showing that noisy miner helpers varied widely in age and body condition (Arnold, unpubl . data), as well as their level of relatedness to the recipients of their care (Poldmaa et al., 1995) . Therefore, individuals will differ in the costs and benefits that they accrue from performing a particular type of care (reviewed in Heinsohn & Legge, 1999; Heinsohn, 2004) . Varying costs and benefits of helping (including considerations of future fitness) will produce a diversity of possible divisions of labour. It should not be taken as granted that highly related helpers expend more effort in all helpful activities. Division of labour can arise even if the abilities of individuals to produce specific forms of help do not differ; it can be sufficient that the gains are different. Apart from gains in indirect fitness (reviewed in Griffin & West, 2003) , participating in group activities can yield a variety of direct benefits (Dickinson & Hatchwell, 2004) , such as improved social status of the helper (Zahavi, 1990; Zahavi & Zahavi, 1997) , gain in experience (Heinsohn, 1991) , improved access to resources as a result of successful territory defence (Stacey & Ligon, 1987; Ligon & Ligon, 1988; Balshine-Earn et al., 2001) , improved survival or reproduction of the helper in the future (e.g., Kokko et al., 2001; Richardson et al., 2001) , or not being evicted from the group (Gaston, 1978; Mulder & Langmore, 1993; Johnstone & Cant, 1999) . It is unlikely that all these benefits are equal for all individuals, especially in groups where relatedness and future prospects vary among individuals (Hardling et al., 2003) . If individuals also differ in their abilities to perform various tasks, task-specific costs will add their influence on the division of labour. One potential result of this is age polyethism, as seen in some species of social insects (Bourke & Franks, 1995; Calderone, 1995) . Unfortunately, we could not answer these questions because noisy miners are long-lived (estimated mean = 10 years), so we did not know the exact age of individuals, their helping history or their lifetime reproductive success.
An intriguing line of investigation will be to determine whether consistent individual differences in helping are indicative of behavioural syndromes or 'personalities' (reviewed in Sih et al., 2004) . It has been shown in a range of non-helping taxa that individuals who are more aggressive towards conspecifics are also bolder when investigating predators or new environments. Such correlations between suites of behaviour, such as aggression and boldness, can be suggestive of causal, e.g. endocrinal or physiological, mecha-nisms (Sih et al., 2004) . If predator defence is consistently negatively correlated with provisioning, this might indicate that the underlying mechanisms are incompatible. Therefore, although the costs and benefits of helping might change throughout lifetime, individuals might be consistently more likely to participate in some forms of helping than others. By manipulating group size, for example, it could be determined whether division of labour within and between individuals reflects simply time constraints, brood need or personality differences.
Conclusions
So far, division of labour among members of cooperatively breeding groups has mainly been studied in eusocial insects, in which individuals often show morphological differentiation into separate castes associated with extreme specialization for particular tasks (Schmid-Hempel, 1990; Calderone, 1995; Traniello & Rosengaus, 1997 ). Here we have used a field study of a cooperatively breeding bird species to show that division of labour can arise even in the absence of such extreme specialisation, and therefore maybe a important aspect of helping behaviour in vertebrate societies too. An individual might change their contributions to different forms of helping with age and/or experience or may show consistent propensities for performing specific alloparental behaviours. Such consistent individual differences in helping would be suggestive of behavioural syndromes, based on underlying physiological mechanisms. We suggest that studying division of labour within groups enhances our understanding of social transactions and the maintenance of vertebrate cooperative breeding systems.
